Dynamical Dzyaloshinsky-Moriya interaction in KCuFa: Raman evidence for an 

antiferrodistortive lattice instability 
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In the orbitally ordered, quasi-one dimensional Heisenberg antiferromagnet KCuFs the low-energy 
Eg and Big phonon modes show an anomalous softening (~25% and ~13%) between room tem- 
perature and the characteristic temperature Ts = 50 K. In this temperature range a freezing-in of 
F ion dynamic displacements is proposed to occur. In addition, the Eg mode at about 260 cm~^ 
clearly splits below Ts- The width of the phonon lines above Ts follows an activated behavior with 
an activation energy of about 50 K. Our observations clearly evidence a reduction of the structural 
symmetry below Ts and indicate a strong coupling of lattice and spin fluctuations for T > Ts- 

PACS numbers: 63.20.-e, 75.50.-y, 78.30.-j 



I. INTRODUCTION 



The system KCuFs has long been known as a paradigm 
for an orbitally ordered system where a cooperative Jahn- 
Teller (JT) distortion is strongly competing with the elec- 
tronic degrees of freedom as the driving force behind the 
orbital orderii"— This system was investigated recently 
by realistic band structure calculations as a benchmark 
system for modeling structural relaxation effects due to 
electronic correlations^ and for revealing the influence 
of electronic superexchange on the orbital orderingji The 
compound seems to be orbitally ordered throughout its 
solid phase, but shows long-range A- type antiferromag- 
netic (AFM) ordering only below T/v = 39 K. In literature 
an orbital ordering temperature of about 800 K is often 
evoked in this system, but astonishingly experimental ev- 
idence for a transition at this temperature seems to be 
evasive. Early on, however, it was reported that between 
670 K and 720 K an irreversible transition takes placci^ 
Recently, the melting of the cooperative JT-transition 
has been studied in KCui_a;Mgj;F3 and from the extrap- 
olation to undoped KCuFs a JT transition temperature 
of 1350 K has been estimatedJ^ The paramagnetic (PM) 
susceptibility has been described by a Bonner-Fisher law 
with an exchange constant J = 190 K^i indicating that 
the compound is a good realization of a one-dimensional 
(ID) spin chain in the PM regime. Inelastic neutron scat- 
tering studies did reveal a spinon-excitation continuum, a 
clearly ID quantum phenomenon, existing also below the 
Neel temperaturcj^iii From a structural point of view the 
reported relatively high tetragonal symmetrj*i^"— [D^ 
- I A/ mem) makes KCuFa one of the simplest systems 
to study. However, the established symmetry assign- 
ment has been questioned by an X-ray diffraction inves- 
tigationi^ which suggested the existence of orthorhom- 
bic distortions in KCuFa at room temperature with Z?! 



symmetry. A low-temperature Raman scattering study^i^ 
revealed a difference of spectra measured in xz and yz 
polarization and anomalously broad linewidths of the 
stretching modes, which was interpreted as evidence of 
a symmetry lower than D]^ also below the Neel temper- 
ature. Although orthorhonibic distortions were involved 
for explaining the electron spin resonance (ESR) prop- 
erties of KCuFa discrepancies remain for the analysis 
of recent NQR;^ AFM resonancef2i and further exper- 
imental and theoretical flndingsi^i^ Besides, in X-ray 
resonant scatterin g^^i^^ of the orbital ordering (00) in 
KCuFa indications for a coupling of lattice and magnetic 
degrees of freedom above Tjsi were found. Only recently, 
the ESR properties for T > T/y could be successfully 
explained within the tetragonal symmetry by assuming 
a dynamical Dzyaloshinsky-Moriya (DM) interaction re- 
lated to strong oscillations of the bridging F~ ions per- 
pendicular to the crystallographic c axis^i It was argued 
that these dynamic distortions freeze in at a temperature 
Ts = 50 K, leading to an effectively lower symmetry and 
the occurrence of exciton-magnon sidebands in optical 
absorption experiments)^ 

Here we report on a detailed study of the temperature 
dependence of the Raman-active phonons in a KCuFa 
single crystal tracking the symmetry reduction during 
the anticipated freezing of the dynamic distortion at Ts 
= 50 K and the Neel ordering at Tn = 39 K. We find 
a large softening of the lowest lying Eg mode and the 
Big mode by 25% and 13% between room temperature 
and Ts, respectively. The linewidth and the integrated 
intensity of these modes also exhibit anomalies at Ts and 
T/v. Moreover, the Eg mode at about 260 cm^^ clearly 
splits below Ts evidencing the existence of an antifer- 
rodistortive lattice instability in KCuFs which leads to 
a symmetry reduction at Ts = 50 K prior to magnetic 
ordering. 
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FIG. 1. Polarized Raman spectra of single crystal KCuFg 
taken at 290 K in different scattering configurations. 



II. EXPERIMENTAL DETAILS 

The single crystal was oriented by Laue diffraction, 
cut along the (110) pseudocubic plane and mechanically 
polished to optical quality. Details on crystal growth 
are described in Ref. [26l . The sample has previously 
been investigated by ESR and optical spectroscopy .^^i^^ 
The Raman spectra were obtained with two different 
experimental setups and in two geometries of experi- 
ment: (i) a DILOR XY triple spectrometer with a liquid- 
nitrogen-cooled CCD detector (quasi-backscattering ge- 
ometry) and (ii) a UIOOO high resolution double spec- 
trometer with RCA 31034A photomultiplier (right-angle 
scattering geometry). The 647 nm Ar/Kr ion (5 mW 
output power) and the 632.8 nm He-Ne (25 mW output 
power) lasers were used for excitation in these two setups, 
respectively. Temperature dependencies were obtained in 
variable temperature gas-flow cryostats. 



III. EXPERIMENTAL RESULTS AND 
DISCUSSION 

In Fig. [T] the polarized Raman spectra of single crys- 
talline KCuFs taken in yy, zz, xy, xz, and yz scattering 
configurations are shown for T = 290 K. The number of 
lines and the selection rules are fully consistent with the 



theoretically expected Raman-active normal modesiS, of 
KCuFs with tetragonal 

TRam = Aig{yy, zz) + Big{yy) -f 2B2g{xy) + 3Eg{xz, yz) 

(1) 

Hence, the three lines in both the xz and yz spectra cor- 
respond to the three Eg modes. The line observed with 
different intensities in yy and zz spectra is identified as 
the Aig mode. The intense line observed only in the yy 
spectrum can be assigned to the Big mode. Finally, the 
two lines in the xy spectra are the two B2g modes. At 
room temperature all lines have a Lorentzian lineshape. 
Figure [2] shows schematically the vibrational patterns for 
the seven Raman-active modes of each symmetry {Aig, 
Big, B2g; and Eg) of KCuFs derived from the D]^ space 
group. The observed spectra and mode assignments are 
in agreement with previously reported data at 10 KJ^ 
A direct comparison of our data at 4 K and 290 K with 
ReflU and theoretical estimates^S is presented in Tab. H] 
In general, there is a good agreement between the corre- 
sponding values except for the B2g{l) mode with a fre- 
quency of 240 A cm~^ observed in our experiments in con- 
trast to a somewhat higher frequency of 265.8 cm^^ in 
Ref. [l^ The second discrepancy is that the lines assigned 
to Eg{l,2) and Big are almost two times broader in the 
low-temperature Raman spectra of Ref. [l9l . The phonon 
lines of Aig and B2g symmetry have large linewidths in 
comparison with the other modes. In Fig. [3] we show the 
temperature dependent parameters for the Aig mode as 
an example. The Aig and i?2g modes, aside from their 
broadened lineshape, show no anomalous behavior. In 
the full temperature range they exhibit a hardening of 
1-2%. 

Moreover, we observe quasielastic scattering in zz con- 
figuration, which is a general feature in low-dimensional 
spin systems^ and should only be observed in intra-cliain 
scattering configuration, i.e. with the light polarization 
parallel to the effective chain direction. This quasielastic 
scattering in KCuFa has been investigated in detail by 
Yamada and Onda previously^! and will not be further 
considered in our work. 

In the following we will focus on the temperature de- 
pendence of the modes Eg{l), Eg{2) and Big. The Eg{\) 
mode reportedly exhibits a weak splitting at 10 K only 
when measured in ?/2;-configuration. In contrast, the 
Eg(2) mode shows a splitting only when measuring in 
x2-configuration. The Eg{3) mode, which corresponds 
to a vibration of ions, shows no splitting in either 
of the two configurations.— The Eg{l) and Eg{2) modes 
correspond to shearing vibrations of the F~ ions which 
involves a displacement of the fluorine ions away from 
the Cu-F-Cu bonding lines, while the Big mode corre- 
sponds to a tilting motion of the F~ ions around the 
central Cu atom (see Fig. [2]). As such displacements are 
thought to be the origin of the dynamical DM interaction 
which allows to understand the ESR and antiferromag- 
netic resonance properties, we expect that these modes 
are strongly related to the proposed freezing of the dy- 
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TABLE I. Frequencies and linewidths of the observed Raman modes in cm ^ in KCuFs at 4 K and 290 K compared to the 
experimental values reported in Ref[l^ at 10 K and calculations from Ref[29[. 



Mode 






— 

Frequency (cm ) 






Linewidth ( 


cm j 




290K 


4 K 


10 K (Ref._19) 


Calculated (Ref.29) 


290K 


4K 


10 K (Ref.29) 




367.3 


373.5 


374.8 


398 


23.1 


4.9 


9.2 


Big 


81.6 


70.9 


72.8 


100 


7.1 


0.9 


1.6 


B2gil) 


240.4 


245.2 


265.8 


259 


30.8 


8.7 


7.0 


B2g{2) 


554.8 


561.3 


563.0 


586 


22.6 


9.1 


9.1 




63.0 


47.4 


53.2 


50 


5.8 


0.7 


3.0 


E,m 


262.9 


260.8 


261.6 


136 


7.5 


1.7 


3.0 




132.3 


129.3 


131.2 


268 


7.5 


1.6 


1.6 




FIG. 2. Raman allowed phonon modes for the KCuFa with 
Dlf^ structure. The degeneracy of the Eg modes is indicated 
using solid and dotted arrows. 

namic fluorine displacements below T5 = 50 K.— 

Indeed, when looking at the Raman data of the Eg{l) 
and Eg (2) vibrational modes in yz configuration shown in 
Fig. m an anomalous softening of both modes is observed 
for T > 50 K. While the frequency shift of the Eg{2) is 
only about 2 cm~^, the low-energy Eg{l) mode exhibits 
a frequency shift of about 16 cm~^. This corresponds 
to a softening of 1% and 25% with respect to the room 
temperature eigenfrequency. 

Plotting the square of the eigenfrequency uj'^ ^^-^ of 
the Eg(l) phonon mode as a function of temperature in 
Fig. [5ja) reveals a linear behavior for T > 50 K. which 
can be understood in terms of a soft-mode behavior in- 
dicative of a structural phase transition expected at Tc 
where one expects^i^ 



(2) 



The fit shown in Fig. [Sl^a) yields a = 6.8 cm^^/K and a 
virtual transition temperature of Tc = -291 K. Although 
the negative sign indicates that the occurrence of the 
structural phase transition is very unlikely, the energy 
scale of this virtual transition temperature is close to 
the orbital-ordering transition temperature Tqo ^ 350 K 



calculated by assuming a purely electronic superexchange 
mechanismii 

We believe that the softening of the Eg{l) phonon 
mode is due to the dynamic nature in the displacement 
of the apical fluorine ions away from the c axis, which 
manifests itself in an anomalously large thermal displace- 
ments parameter— and the occurrence of a dynamical 
Dzyaloshinsky-Moriya (DM) interactioni^ As a prerequi- 
site for the latter, the characteristic time of the dynamic 
distortions must be large compared to the time scale of 
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FIG. 3. Parameters of the Aig mode: Temperature depen- 
dence of (a) the squared eigenfrequency ujo, (b) the FWHM 
linewidth, and (c) the Bose corrected integrated intensity. 
Lines are to guide the eye. 
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the exchange interaction and the amplitude of these dis- 
tortions must be high»^ This is the case for low-lying op- 
tical modes contributing to the oscillation of the F" ions 
with the tendency to soften to low temperatures, exactly 
like the Eg{l) mode. In this scenario the displacement 
of the fluorine ions freezes with decreasing temperature 
and becomes static at Ts= 50 Ki^li^ Below 50 K we 
observe a deviation from this softening behavior and the 
frequency levels off in the magnetically ordered state. 

The temperature dependence of the phonon line widths 
full width at half maximum (FWHM) for Eg{l) is shown 
in Fig. EJb). Above 50 K the linewidth data can be de- 
scribed (solid line) using: 



TtotiT) = r,„ft(T)+r,(r) = at+Bcxp - 



Ur 



(3) 



where Tarih is the contribution arising from phonon an- 
harmonic interactions in crystalline solids, with zone cen- 
ter modes decaying into pairs of phonons with equal and 
opposite wave vectors. F^ is the contribution to the total 
linewidth arising from the dynamic deviation of the F~ 
ions away from the c axis, [/,. is a potential barrier, and A 
and B are constants. The data can be described very well 
over the temperature range 50 - 290 K by Eq. [3] yielding 
a energy ?7r = 56 K very close to the temperature Ts 
= 50 K where the dynamic displacements are proposed 
to become statici^ Below T5 = 50 K the width of the 
phonon line decrease nearly linearly with temperature. 

The (Bose corrected) integrated intensity of the Eg{\) 
mode shown in Fig. increases with decreasing tem- 
perature and reaches a maximum at T5 (see inset of 
Fig. [S^c)) and a minimum just below T/v reflecting dis- 
tinct changes of the polarizability of this mode at these 
temperatures. 

The corresponding parameters for the Eg{2) and the 
Big mode are plotted in Fig. [6] and Fig. [71 respectively. 
Similar to the £"^(1) mode these modes exhibit a soft 
mode behavior with a=3.99 cm'^/K and Tc=-17016 K 
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FIG. 4. Temperature dependent Raman spectra of the Eg{l) 
and -Eg (2) modes taken in the yz scattering geometry. 



FIG. 5. Parameters of the Eg{l) mode in the yz scattering 
geometry: Temperature dependence of (a) tlie squared eigen- 
frequency loq together with a fit using Eq. [2l (b) the FWHM 
linewidth with a fit using Eq. |3] - dashed and dotted lines: 
first and second terms in Eq. [3l respectively, and (c) the Bose 
corrected integrated intensity (solid line is a guide to the eye) . 
The insets highlight the data for T <60 K. 



for the Eg{2) and a=6.57 cm-^/K and Tc=-722 K for 
the Bg{l) mode. While for the Bg{l) with a softening of 
about 13% with respect to room temperature the virtual 
transition temperature is still reasonable, the value for 
the Eg{2) mode appears not to be of physically meaning- 
ful due to the moderate softening of only 1-2%. Note that 
in other fluorides with rutile structure like MnF2, NiF2, 
and FeF2 virtual transition temperatures of -1240 K, - 
1700 K. and -1780 K have been derived from the soften- 
ing of Raman modes, respectively<^"— The linewidth of 
both modes can again be described using EqO and Ur 
= 49 K. The intensities of both modes start to decrease 
below 50 K, but for the Eg{2) mode the intensity levels 
off and becomes almost constant below Tn- 

Although clear anomalies of these modes associated 
with Ts and T^r have been observed, we could not ob- 
serve the splittin g of the Eg{l) mode in j/z-configuration 
reported in Ref. at 10 K. Hence, we tried to repro- 
duce the reported splitting of the Eg{2) mode in xz- 
configuration and trace its temperature dependence. The 
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FIG. 6. Parameters of the -Eg (2) mode in the yz scattering 
geometry: Temperature dependence of (a) the squared eigen- 
frequency ujq together with a fit using Eq. [21 (b) the FWHM 
linewidth with a fit using Eq. O - dashed and dotted fines: 
first and second terms in Eq. [3l respectively, and (c) the Bose 
corrected integrated intensity (line is a guide to the eyes). 
The insets highlight the data for T <60 K. 
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FIG. 7. Parameters of the Big mode: Temperature depen- 
dence of (a) the squared eigenfrequency loq together with a fit 
using Eq. [g] (b) the FWHM linewidth with a fit using Eq. |3] 
- dashed and dotted lines: first and second terms in Eq. O 
respectively,, and (c) the Bose corrected integrated intensity 
and a solid line to guide the eye. 



obtained spectrum at 3.5 K is shown in Fig. [5] and a 
weak additional mode at the high-frequency side of the 
Eg (2) is clearly visible compared to the data at T=50 K 
in the same figure. The solid line corresponds to a fit 
with two Lorentzian lineshapes (thin and dashed, latter 
shifted). As shown in Fig. [^1 the appearance of this ad- 
ditional mode coincides with Ts suggesting a splitting 
of the Eg{2) mode in agreement with the scenario of a 
symmetry reduction at Ts suggested previouslyi^ Never- 
theless, we have to point out that this splitting of about 
6 cm~^ is larger than the reported one of about 1 cm~^ 
and appears on the high-energy flank in contrast to the 
one reported by Ueda and coworkers^ which appears 
on the low-energy side of the original Eg{2) mode. These 
discrepancies can not be easily explained and may be due 
to the different samples used for our work. We would like 
to point out that in a recent Raman study a splitting of 
the Eg{2) similar to our data has been reported)^ 

A static displacement of fluorine ions away from the 
c axis at temperatures T < Ts assumes the lowering of 



the KCuFa crystal symmetry. If the symmetry is lower 
than Dlf^, a removal of the Eg modes' degeneracy and 
the appearance of extra lines in the Raman spectra is ex- 
pected. The observed splitting of the Eg{2) mode in xz 
configuration confirms this scenario, alone, this informa- 
tion is not sufficient to determine the low-temperature 
symmetry. Additional evidence has been obtained by X- 
ray scattering where a splitting of a Bragg reflection as- 
sociated with GdFeOa type distortions has been found 
below 50 Ki^ Lee and coworkers also suggested that the 
observed softening of Eg and the Big modes is related to 
the finite spin correlation lengths which are inherent to 
low-dimensional magnetsj21 Such effects of spin-phonon 
coupling are well established and occur, e.g., in frustrated 
magnetic systems without orbital degrees of freedomi^ 

In this respect it is worth highlighting that in KCuFa 
the spin-spin relaxation time as measured by the ESR 
linewidth can only be explained by assuming dynamic 
lattice distortion of the type associated with the anoma- 
lous Raman modesi^ It was also reported in Ref. [23 that 
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FIG. 8. Raman spectrum of the -Eg (2) in xz scattering ge- 
ometry at 3.5 K (crosses). The solid Une and the dashed Hne 
(shifted) are the result of fitting the data with two Lorentzian 
lines. For reference the data at 50 K (open circles) is shown 
with a single Lorentzian line. 



the temperature dependence of the ESR linewidth Ai/ 
can be described by Ai7 oc exp— A/T with an activa- 
tion energy A=114 K which corresponds approximately 
to 2Ur ~ STj, two times the potential barrier derived 
from the temperature dependence of the linewidths of 
the anomalous Raman modes. This intricate feedback 
between spin, lattice, and possibly the orbital degrees 
of freedom has to be disentangled and the following 
questions arise and still need to be clarified: (i) Is the 
softening of the Raman modes directly related to the 
spin-spin correlations of the quasi-one dimensional spin 
chain KCuFa? (ii) Is there a relation between the ESR 
spin-spin relaxation time dominated by the dynamical 
Dzyaloshinsky-Moriya interaction and the linewidth of 
the anomalous Raman modes? (iii) How and on which 
time scale do the orbital degrees of freedom couple to 



the lattice and spin fluctuations in the system? We hope 
that our study will stimulate further theoretical efforts 
in this direction. 
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IV. SUMMARY 

To sum up, temperature-dependent Raman spectra 
of single crystalline KCuFa show a strong softening of 
the lowest-lying Eg{l) and the Big mode for T > Ts- 
Both of these modes and the Eg{2) mode (at about 
260 cm~^) exhibit anomalies at the characteristic tem- 
perature r5'=50 K. In xz scattering configuration the 
Eg{2) doublet clearly splits with a splitting of about 
6 cm~^. The temperature dependence of the linewidth 
of these modes yields an activated behavior with an en- 
ergy C/r ~ 50 K corresponding to Ts- We ascribe this 
anomalous behavior and the observed splitting to an an- 
tiferrodistortive lattice instability due to strong dynamic 
displacements of the ions away from the Cu-F-Cu 
bonding line along the c axis. These displacements are 
strongly influencing the spin-spin relaxation by allowing 
for a dynamical Dzyaloshinsky-Moriya interaction. They 
become static for T<Ts. 
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